We have screened about 1.4 million colonies of Escherichia coli K-12 for their ability to grow on nutrient agar at 300 and 41°. Among the 2266 temperature-sensitive mutants found, 110 were defective in DNA synthesis but not in protein synthesis at 410. Three of these dna mutations mapped at two previously undescribed loci on the E. coli genetic map and may represent new genes involved in DNA replication in E coli. The mutant isolation was aided by novel automatic machinery that inoculated agar-filled petri dishes with mutagenized K coi cells laid down in square arrays of evenly spaced rows and columns on the agar. Time-lapse photographs taken before and after a temperature shift were used to find colonies of temperaturesensitive mutants. These mutations were mapped by interrupted conjugation and viral cotransduction methods, and the mutants were divided into three classes according to the kinetics of DNA synthesis at the restricted temperature. Some of the mutants exhibited mutator activity at partially restrictive temperatures. It is argued that some genes involved in DNA synthesis remain to be discovered.
ABSTRACT
We have screened about 1.4 million colonies of Escherichia coli K-12 for their ability to grow on nutrient agar at 300 and 41°. Among the 2266 temperature-sensitive mutants found, 110 were defective in DNA synthesis but not in protein synthesis at 410. Three of these dna mutations mapped at two previously undescribed loci on the E. coli genetic map and may represent new genes involved in DNA replication in E coli. The mutant isolation was aided by novel automatic machinery that inoculated agar-filled petri dishes with mutagenized K coi cells laid down in square arrays of evenly spaced rows and columns on the agar. Time-lapse photographs taken before and after a temperature shift were used to find colonies of temperaturesensitive mutants. These mutations were mapped by interrupted conjugation and viral cotransduction methods, and the mutants were divided into three classes according to the kinetics of DNA synthesis at the restricted temperature. Some of the mutants exhibited mutator activity at partially restrictive temperatures. It is argued that some genes involved in DNA synthesis remain to be discovered. About 10 years ago, when an Escherichia coli DNA polymerase enzyme was purified and its function became known, it was generally believed that replication of the chromosome of E. coli consisted of a simple DNA polymerase-mediated conversion of a duplex circle of DNA to two duplex circles (1) . Results from genetic and biochemical work in the last few years have shown that DNA replication is not a simple reaction but a complex series of events in which diverse multienzyme systems function.
The effort to elucidate the mysteries of DNA replication has been conducted mainly in two ways: the genetic (isolation of conditionally lethal mutants-dna mutants-that are defective in DNA replication in some restrictive environment, usually high temperature), and the biochemical (proteins required for E. coli chromosome replication are resolved in vitro with the aid of simple viral DNA templates such as M13, G4, and ,X174). Several of the known mutant gene products have been purified in this fashion as well as some other proteins whose physiological functions, as regards DNA replication, remain unclear and for which there are no known genetic loci. Examination of the relationship between bacterial function and viral bacteriophage DNA replication has helped identify the specific steps involved in both bacterial DNA replication and dependence of viral DNA replication on host cell functions.
The current results of this effort to solve the DNA replication puzzle can be summarized as follows. (i) For the geneticists: at least 10 genetic map loci have been identified that are in some way involved with DNA replication in vivo; these genes, discovered and located on the E. coli genetic map through isolation
The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 (15) . After mutagenesis and two division cycles for separation and expression of mutant phenotypes, the cells were inoculated onto prepoured petri dishes.
The inoculation was performed with the help of a computer-controlled prototype machine affectionately nicknamed "Cyclops." The automatic cell inoculator part of Cyclops consisted of an electromechanical system that delivered cellcontaining drops of liquid cell suspension onto a moving agar surface beneath it. It was designed and built as an adaptation of a technique originally developed by Fulwyler in 1965 (16) . This is a method of forming, charging, and electrostatically deflecting a high-speed jet of small fluid droplets, each with a diameter of about 100,gm and a volume of approximately 10-9 liters and containing one bacterium on the average. They are is adjusted to maximize the probability of a single cell per droplet (l/e droplets will probably contain one cell; l/e will contain no cells; and 1-2/e will carry two or more cells). Empty spots are apparent in Fig. 2 .
delivered onto the agar surface of the petri dishes, at adjustable constant spacing (5 mm in our experiment) from each other, in regular rows and columns. In a typical experiment, 100,000
colony-forming units (approximately 80 colonies per petri dish) were inoculated with this method. When the inoculation procedure was completed, all dishes were incubated at the permissive temperature (30°) for 19 hr. At that time they were transferred to a 410 incubation chamber. Incubation at 300 for 19 hr permits the formation of small (1-to 1.5-mm diameter) but clearly visible colonies.
Time-lapse photography pf bacterial colonies
All petri dishes were photographed twice, first at 6 hr after the transfer to the restrictive temperature, and then 22 hr later.
Photography also was performed with Cyclops. The camera, fixed above the petri dishes and loaded with 35-mm blackand-white film, takes approximately two photographs per second. Each frame contained the entire area of one petri dish. The colonies were illuminated from below by a stable source of parallel white light (high-pressure xenon-filled arc lamp).
The camera was looking through the colonies toward the light source, in a bright-field situation. In this optical arrangement the colonies behave as miniature lenses which refract the light but also absorb, scatter, and reflect various colors of light selectively. When the camera was focused accurately on the agar surface, the colony image was generally uninteresting and did not contain much information for subsequent use (scanning) for colony identification purposes. With the camera focused about 10 mm above the agar surface, the image usually was complex and contained features that resulted from refraction and scattering of light by turbid regions of the colonies. Hence, the out-of-focus photographs are preferred for subsequent analysis (17) .
Film scanning; isolation of temperaturp-sensitive mutants The next step in the automated procedure for mutant isolation consisted of analyzing the data collected on the 35-mm film during time-lapse photography. The film was developed and loaded into a flying spot scanner (17) . The second film was scanned first. The following operations were performed for each film frame. (i) Dish identification: each dish was identified and numbered by means of a photograph of a data panel containing binary information. (ii) Dish location: the boundary of the dish was located first and subsequent scanning was done only in the interior of this region.
(iii) Object location: the interior of the dish was scanned in order to locate all objects on the photograph. (iv) Colony identification and measurement: each located object was subjected to a series of circularity tests to determine whether it was a round, single colony. (This step eliminates scratches on the agar surface, overgrown colonies merged into one another, colonies around the edges of the dish, some contamination, and,.
in general, anything not appearing to be a single bacterial colony.) Objects not passing the circularity test were represented in the computer files as rectangles and colonies were represented as circles whose sizes were directly proportional to the actual colony dimensions. The diameter and the area of each single colony were measured independently.
After completion of the scanning of the second photographs, the first photographs were scanned and the new object/colony dimensions (diameter, area) were recorded after circularity Was verified. At the completion of film scanning, data from the earlier and later photographs were combined into a single file. This completed scan file was stored in computer memory and product is required during the elongation phase of the DNA replication cycle in E. coli; at restrictive temperature, the three-dimensional structure of this gene product is affected in such a manner that its function, alone or in cooperation with other proteins of the replication system, ceases. This results in* immediate interruption of DNA synthesis. Similarly, mutants that display "slow stop" phenotype at high temperature probably carry mutations in a gene whose product plays a required by degradation of DNA (QS). Of these, 31 exhibited the "quick stop" profile, 40 exhibited the "slow stop" profile, and 39 exhibited the "reduced rate" profile (Table 1) .
Genetic sorting of dnat, mutants
The location of the new mutations on the E. coli genetic map was determined by interpreting results of bacterial conjugational and bacteriophage transduction crosses. This was done according to the following procedure. Each dna mutant was crossed with Hfr (male) strains by a replica-plating technique (18) . The results of these crosses helped to define the genetic map interval in which the dna mutation belongs. Also, they indicated the most appropriate Hfr strain (the Hfr strain producing the heaviest recombination on the dish) to be used for interrupted conjugational crosses. The selected Hfr strain was used for interrupted conjugational crosses with the dna mutants. The transfer of temperature-resistance with other control wild-type alleles, from the Hfr strain to the female dna mutant (SG strains), was plotted against time. The knowledge of the map positions of the control wild-type alleles coupled with the results of the interrupted matings defined the position of the unknown mutants.1 After the map positions were roughly defined through interrupted matings, most mutations were mapped more accurately through generalized transduction crosses mediated by bacteriophage P1.
This mapping procedure provides sufficient information to assign map locations for the unknown mutations. The genetic loci assignments on the E. loci K-12 genetic map (20) for the SG dna alleles are given in Table 2 . Most of our strains carry mutations mapping near or within known dna genes, but the last three alleles (708-710) may define new map loci connected with DNA replication in E. coli. Conclusion Genetic analysis of 110 dnaft mutants found by examination of 1.4 X 106 colonies of a mutagenized population yielded examples of all previously known dna mutations plus some new ones. All these mutants were defective in DNA synthesis at 410 with no immediate deterioration in the rate of protein synthesis.
Three separate mutations, dna708, dna7O9, and dna710, map at previously undescribed loci, and dna707 (SG1O19) may also define a new locus.
By screening all the dna mutations for mutator activity, we found several mutants, with mutations at or near dnaE, that exhibited strong mutator activities at partially restrictive and nonrestrictive temperatures (21) . Detailed descriptions of these mutator strains will be published elsewhere.
Because some mutations occur rarely or only once in our collection, while others are common, we believe that there are more new loci yet to be discovered that are involved in DNA synthesis. A novel screening method or extension of the present method on a larger scale will probably be required to discover these new genes.
